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Viral DNA genomes replicating in cells encounter a myriad
of host factors that facilitate or hinder viral replication.
Viral proteins expressed early during infection modulate
host factors interacting with viral genomes, recruiting
proteins to promote viral replication, and limiting access to
antiviral repressors. Although some host factors manipu-
lated by viruses have been identified, we have limited
knowledge of pathways exploited during infection and how
these differ between viruses. To identify cellular processes
manipulated during viral replication, we defined proteomes
associated with viral genomes during infection with adeno-
virus, herpes simplex virus and vaccinia virus. We com-
pared enrichment of host factors between virus proteomes
and confirmed association with viral genomes and replica-
tion compartments. Using adenovirus as an illustrative ex-
ample, we uncovered host factors deactivated by early viral
proteins, and identified a subgroup of nucleolar proteins
that aid virus replication. Our data sets provide valuable
resources of virus-host interactions that affect proteins on
viral genomes. Molecular & Cellular Proteomics 16:
10.1074/mcp.M117.067116, 2079–2097, 2017.

Viruses create conditions conducive to their own replication
by shaping the cellular environment. Viral proteins achieve
this by manipulating multiple cellular processes to promote
progeny generation and to evade host defenses. Despite
maximizing their coding capacity, viruses must rely on cellular
proteins to fulfill functions required during infection. Active
recruitment of host factors to viral genomes functions to
promote viral gene expression, DNA replication and virion
assembly, whereas preventing access to the viral genome by
cellular sensors and repressors can help to counteract anti-
viral defenses. Consequently, the outcome of infection is gov-
erned by dynamic protein interactions taking place on viral
genomes. Identifying host factors that associate with viral
genomes during virus replication may provide insights into the
virus-host interactions that are critical in regulating the infec-
tious process.

Viral DNA genomes are diverse in size, structure and site of
replication. Most eukaryotic DNA viruses, including adenovi-
rus type 5 (Ad5)1 and herpes simplex virus type 1 (HSV-1),
replicate their genomes in the cell nucleus where they can use
host enzymes to express viral genes and replicate viral DNA.
In contrast poxviruses, such as vaccinia virus (VACV), repli-
cate in the cytoplasm of infected cells. The VACV genome is
a linear double stranded (ds) DNA molecule �191 Kb, that
encodes several proteins involved in viral replication and as-
sembly (1). For instance, the VACV genome encodes at least
nine proteins involved in viral DNA synthesis (2, 3), making
VACV independent from host replication machinery and thus
the cell nucleus. In contrast, the 36 Kb Ad5 linear dsDNA
genome encodes only three proteins required for viral DNA
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replication (4), and HSV-1 has a 150 Kb dsDNA genome
encoding seven proteins that participate in viral DNA synthe-
sis (5). These differences in coding capacity and site of rep-
lication correlate with the degree of dependence on host
machinery, the availability of host factors to be exploited, and
the antiviral responses to be counteracted by each virus.

DNA viruses form compartmentalized structures within the
host cell referred to as viral replication factories or compart-
ments (VRCs) where they carry out viral processes fundamen-
tal to their life cycle (6–9). VRCs accumulate viral and cellular
proteins that interact directly or indirectly with the viral ge-
nome to support viral DNA replication, late gene transcription
and formation of packaged viral progeny (6). Some host fac-
tors recruited to VRCs are known to contribute to these viral
processes. Cellular proteins have been identified by affinity
purification with viral DNA and replication proteins, or by
specific candidate-retrieval approaches (10–17). However,
the proteomic landscape of cellular proteins associated with
viral DNA replicating in VRCs to facilitate the viral life cycle
remains largely unknown. In addition to factors recruited to
VRCs, there are cellular proteins actively excluded from these
structures. There is a temporal cascade of viral gene expres-
sion during the infectious lifecycle. The first proteins to be
expressed are from immediate early and early viral genes, and
they function to promote viral gene expression and mediate
viral DNA replication. Viral proteins expressed early during the
infectious process also frequently alter the cellular environ-
ment to promote viral replication by inactivating host factors
and preventing their association with viral DNA in VRCs where
they could limit gene transcription or replication of viral ge-
nomes. Late viral genes produce proteins that are structural or
involved in packaging the viral genome into virion particles, as
well as proteins that can counter host immune responses.

Defining proteomes associated with viral genomes replicat-
ing in VRCs provides an opportunity to uncover previously
unknown cellular factors and pathways manipulated by DNA
viruses to advance their life cycle. Recently, several proteom-
ics approaches have been developed to identify proteins on
replicating DNA (18–20). These approaches rely on labeling
replicating DNA with deoxy-thymidine analogs including
5-ethynyl-2�-deoxyuridine (EdU). The EdU-labeled DNA is
then biotinylated via click chemistry and purified along with
bound proteins using streptavidin beads (21, 22). Replicating
viral DNA can also be labeled using ethynyl-modified nucleo-
sides (23). A recent study employed an elegant approach with
a mutant HSV-1 virus to adapt the cellular proteomics tech-
nique to identify viral and cellular proteins interacting with
genomes of HSV-1 replicated during infection (24). In our
current study, we expand this approach to profile the pro-
teomes associated with replicated DNA recovered from cells
infected with multiple wild-type viruses. We employed the
technique of Isolation of Proteins on Nascent DNA coupled
with Mass Spectrometry (iPOND-MS) to define proteomes
associated with newly synthesized DNA (18, 19, 21, 22, 25).

By comparing proteomes associated with replicated DNA
from cells uninfected or infected with Ad5, HSV-1 and VACV,
we provide a comprehensive description of host factors and
cellular processes potentially exploited by each virus during
infection. Comparative gene ontology analysis revealed global
similarities and differences in the manipulation of cellular pro-
cesses between viruses and differentiates nuclear-replicating
(Ad5 and HSV-1) from cytoplasmic-replicating viruses (VACV).
To illustrate the power of our profiling strategy to identify host
factors exploited or inactivated, we further analyzed relative
protein abundance within the Ad5 proteome. We then com-
bined relative abundance with the fold change between Ad5
and Host proteomes to reveal potential targets of early viral
proteins. This analysis showed that i) TFII-I, a cellular tran-
scription regulator, is inactivated by early viral proteins, ii)
DNA repair proteins such as SLX4 can associate with viral
replication centers and promote viral DNA replication, and iii)
several nucleolar proteins, including TCOFI, are recruited to
VRCs to promote viral replication. Overall, our unbiased pro-
teomics approach generated comprehensive databases that
represent new resources to probe virus-host interactions and
a framework for understanding how viruses manipulate host
factors to redirect cellular processes and promote viral
replication.

EXPERIMENTAL PROCEDURES

Additional methodology is described in the supplemental Experi-
mental Procedures.

Cell Culture—Experiments were performed using U2OS, A549,
HFF and HeLa cells cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% (v/v) Fetal Bovine Serum (Seradigm,
Radnor, PA), 100 U/ml penicillin and 100 U/ml streptomycin (Gibco,
Waltham, MA). Human small airway epithelial cells (SAECs) were
obtained from the American Tissue Culture Collection (ATCC, Manas-
sas, VA) and grown according to the provider’s instructions. U2OS
cells that express E1B55K were described previously (26). Immortal-
ized RA3331 FA-P cells (SLX4-deficient fibroblasts) and matched
cells expressing wild-type SLX4 were cultured in DMEM supple-
mented with 15% FBS, 100 U/ml penicillin, 100 U/ml streptomycin,
and non-essential amino acids (Thermo Fisher Scientific, Waltham,
MA), as previously described (27).

Viruses and Infections—Infections were performed according to
standard procedures using the following viruses: wild-type Ad5,
HSV-1 strain 17syn� and VACV strain WR. E4 mutant Ad viruses
were described previously (28–30).

iPOND-MS—We adapted the iPOND protocol previously described
(22) to include infection conditions. Per condition, eight 15 cm cell
culture dishes containing U2OS at �90 confluence (�1.8 � 107 cells)
were mock-infected or infected with Ad5 (multiplicity of infection
(MOI) 40), HSV-1 (MOI 3), or VACV (MOI 3–7). Cells were incubated
with infection media (serum free DMEM plus antibiotics) for 1 h
(HSV-1) or 2 h (Ad5 and VACV) at 37 °C. Following adsorption, cells
were topped-off with fresh complete culture media (DMEM plus 10%
FBS and antibiotics) incubated at 37 °C for 24 h (Ad5), 8 h (HSV-1) or
6 h (VACV) before pulsing with 10 �M EdU (Invitrogen, Waltham, MA)
for 15 min at 37 °C. Cells were fixed with 1% paraformaldehyde in
PBS for 20 min at room temperature, crosslinking was quenched with
125 mM glycine and cells were scraped and harvested. To facilitate
subsequent iPOND steps, cells from four plates of the same condition
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were combined and pelleted together generating two cell pellets per
condition. Samples were then processed for iPOND as described
previously (22, 25), with the following adaptations: After click chem-
istry reaction, cell pellets were resuspended in 0.5 ml of Lysis buffer
(20 mM HEPES pH 7.9, 400 mM NaCl, 1 mM EDTA, 10% glycerol,
0.5% Triton X-100) supplemented with 1 mM DTT and protease in-
hibitors (Complete protease inhibitor mixture tablets (Roche) and 1
mM phenylmethylsulfonyl fluoride) and sonicated with a Bioruptor
(Diagenode, Denville, NJ) for 20 min in 30 s on/off cycles at a high
intensity. Capture of DNA-protein complexes was carried out by
incubating lysates with streptavidin magnetic beads (Dynabeads
M-280, Invitrogen) for 16–18 h at 4 °C. Beads were washed once in
Lysis buffer, once in 1 M NaCl, four times in Wash buffer (20 mM

HEPES pH7.4, 110 mM KOAc, 2 mM MgCl2, 0.1% Tween-20, 0.1%
Triton-X-100,150 mM NaCl) and once in PBS. To combine samples
from the same condition, proteins from one of the samples were
eluted in 60 �l of 1X LDS sample buffer (Invitrogen) containing 10%
DTT by incubating at 95 °C for 10 min. Then, the same 60 �l of sample
buffer used to elute proteins from the first sample were used for the
elution of sample two of the same condition. Finally, eluted proteins
were boiled at 95 °C for 45 min to reverse crosslinks.

iPOND isolates were separated on �0.8 cm on a 10% Bis-Tris
Novex mini-gel (Invitrogen) using the MOPS buffer system. The gel
was stained with Coomassie and excised into four equal 2 � 7 mm
segments. Gel segments were destained with 50% methanol/1.25%
acetic acid, reduced with 5 mM DTT (Thermo Fisher Scientific), and
alkylated with 40 mM iodoacetamide (Sigma-Aldrich, St. Louis, MO).
Gel pieces were then washed with 20 mM ammonium bicarbonate
(Sigma) and dehydrated with acetonitrile (Thermo Fisher Scientific).
Trypsin (Promega, Madison, WI) (5 ng/�l in 20 mM ammonium bicar-
bonate) was added to the gel pieces and proteolysis was allowed to
proceed overnight at 37 °C. Peptides were extracted with 0.3% tri-
flouroacetic acid (J.T.Baker, Phillipsburg, NJ), followed by 50% ace-
tonitrile. Extracts were combined and the volume was reduced by
vacuum centrifugation. Tryptic digests were analyzed by LC-MS/MS
on a hybrid LTQ Orbitrap Elite mass spectrometer (Thermo) coupled
with a nanoLC Ultra (Eksigent Technologies, Dublin, CA). Peptides
were separated by reverse phase (RP)-HPLC on a nanocapillary col-
umn, 75 �m id x 15 cm Reprosil-pur 3 �M, 120 A (Dr. Maisch, HPLC
GmbH, Germany) in a Nanoflex chip system (Eksigent). Mobile phase
A consisted of 1% methanol (Fisher)/0.1% formic acid (Thermo
Fisher Scientific) and mobile phase B of 1% methanol/0.1% formic
acid/80% acetonitrile. Peptides were eluted into the mass spectrom-
eter at 300 nl/min with each RP-LC run comprising a 90-min gradient
from 10 to 25% B in 65 min, 25–40% B in 25 min. The mass
spectrometer was set to repetitively scan m/z from 300 to 1800 (r �
240,000 for LTQ-Orbitrap Elite) followed by data-dependent MS/MS
scans on the twenty most abundant ions, with a minimum signal of
1500, dynamic exclusion with a repeat count of 1, repeat duration of
30 s, exclusion size of 500 and duration of 60 s, isolation width of 2.0,
normalized collision energy of 33, and waveform injection and dy-
namic exclusion enabled. FTMS full scan AGC target value was 1 �
106, whereas MSn AGC was 1 � 104, respectively. FTMS full scan
maximum fill time was 500 ms, whereas ion trap MSn fill time was
50 ms; microscans were set at one. FT preview mode; charge state
screening, and monoisotopic precursor selection were all enabled
with rejection of unassigned and 1� charge states. The MS raw files
associated with this manuscript have been deposited to the public
database ProteomeXchange (Project number: PXD007741).

MS Data Processing and Database Searching—MS raw files were
analyzed by MaxQuant software (31) version 1.5.2.8. MS/MS spectra
were searched by the Andromeda search engine (32) against the
Human UniProt FASTA database (9606; 136,251 entries) (version July
2014). Viral proteins were identified using Adenovirus C serotype 5

(28285; 31 entries), Human Herpesvirus strain 17 (10299; 73 entries),
and Vaccinia virus (10245; 230 entries) UniProt FASTA database
(version January 2015). Additionally, the database included 247 com-
mon contaminants, discarded during data analysis. The search in-
cluded variable modifications of methionine oxidation and N-terminal
acetylation, and fixed modification of carbamidomethyl cysteine.
Trypsin was specified as the digestive enzyme. Minimal peptide
length was set to seven amino acids and a maximum of two missed
cleavages was allowed. The false discovery rate (FDR) was set to 0.01
for peptide-spectrum matches (PSMs) and protein identifications.
Protein grouping was enabled. Peptide identification was performed
with an allowed precursor mass deviation up to 4.5 ppm after time-
dependent mass calibration and an allowed fragment mass deviation
of 20 ppm. Protein identification required at least one unique or razor
peptide per protein group. Label-free quantification in MaxQuant was
performed using the intensity-based absolute quantification (iBAQ)
algorithm (33). The human proteome was searched using the match-
between-runs functionality with the retention time alignment window
set to 20 min and the match time window to 1 min. Match-between-
runs was not used when searching the viral proteomes. Protein tables
were filtered to eliminate the identifications from the reverse data-
base, only identified by site and common contaminants. Protein ta-
bles are given as supplemental Tables S1, S2, and S3.

Virus Genome Accumulation in SLX4-deficient Cells—RA3331
FA-P cells complemented with wild-type SLX4 or with empty vector
were infected with Ad5 (MOI 20) in 12-well plates and harvested by
Trypsin at the indicated time points. Total DNA was isolated using the
PureLink Genomic DNA kit (Invitrogen). Quantitative PCR was per-
formed using primers specific for viral DBP (5� gccattgcgcccaagaa-
gaa and 5� ctgtccacgattacctctggtgat) or cellular tubulin (5� ccagatgc-
caagtgacaagac and 5� gagtgagtgacaagagaagcc). Values for DBP
were normalized internally to tubulin and to the 4 h time point to
control for any variation in virus input. Quantitative PCR was per-
formed using the standard protocol for Sybr Green (Thermo) and
analyzed using the ViiA 7 Real-Time PCR System (Thermo). The
experiment was completed in triplicate, and statistical analysis was
performed using Prism v7 (GraphPad Software, Inc., La Jolla, CA).

Virus Genome Accumulation in TCOF1-depleted Cells—A549 cells
in 12-well plates were transfected with siRNA against TCOF1
(s13921) or negative control (Scrmbl). 72 h post transfection, cells
were infected with Ad5 (MOI 25) and harvested at the indicated time
points. Total DNA isolation and quantitative PCR were performed as
described above. The experiment was completed in triplicate, and
statistical analysis was performed using Prism v7 (GraphPad).

Virus Yield in SLX4-deficient Cells—RA3331 FA-P cells comple-
mented with wild-type SLX4 or with empty vector were infected with
HSV-1 (MOI 0.1), and supernatants were collected at the indicated
time points. Viral yield was measured by plaque assay on monolayers
of U2OS cells. Statistical analysis was performed using Prism v7
(GraphPad).

Virus Yield in TCOF1-depleted Cells—A549 cells in 12-well plates
were transfected with siRNAs and infected with Ad5 as above. In-
fected cells were harvested at the indicated time points and lysed by
three cycles of freeze-thawing. Virus yield was determined by plaque
assay as follows: cell lysates were diluted serially in DMEM supple-
mented with 2% FBS and antibiotics to infect HEK293 cells in 12-well
plates. After virus adsorption for 2 h, cells were overlaid with complete
culture media containing 0.45% SeaPlaque agarose (Lonza, Walkers-
ville, MD). Plaques were stained with crystal violet 7 days postinfec-
tion. Statistical analysis was performed using Prism v7 (GraphPad).

Experimental Design and Statistical Rationale—For most iPOND-
MS experiments, four conditions were included per experiment: (1)
infection plus biotin, (2) infection minus biotin, (3) mock plus biotin,
and (4) mock minus biotin. Minus biotin samples were used to
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identify background/contaminant proteins within our system. Three
independent biological replicate experiments were performed per
condition, except for “mock plus biotin” samples with fifteen rep-
licates and “VACV infection minus biotin” samples with two repli-
cates. Resulting iBAQ values from replicates were combined for our
statistical analysis. The sample size was chosen to provide enough
statistical power to apply parametric tests (either homoscedastic or
heteroscedastic one-tailed t test, depending on the statistical value
of the F-test; heteroscedastic if F-test p value�0.05). The t test was
considered as valuable statistical test because binary comparisons
were performed and the number of replicates was limited to some
conditions. No samples were excluded as outliers (this applies to all
proteomics analyses described in this manuscript). Proteins with t
test p value smaller than 0.05 were considered as significantly
altered between the two tested conditions. Data distribution was
assumed to be normal but this was not formally tested. Findings
from proteomics analysis were validated and further studied using
immunoblotting and immunofluorescence among other molecular
biology techniques.

RESULTS

Optimizing Conditions to Isolate Proteins on DNA Repli-
cated During Virus Infection—To profile proteins associated
with viral DNA replicated during infection with Ad5, HSV-1 and
VACV, we optimized the EdU labeling and proteomic tech-
niques (Fig. 1A). The timing of EdU pulse during infection was
examined using immunofluorescence (Fig. 1B and supple-
mental Fig. S1). We assessed accumulation of EdU signal in
VRCs at multiple different hours post infection (hpi) during
infection with Ad5, HSV-1 and VACV. When infected cells
were treated with a 15 min EdU pulse at the peak of viral DNA
synthesis (Ad5 at 24 hpi, HSV-1 at 8 hpi and VACV at 6 hpi),
we observed a high number of cells with strong EdU signal
(Fig. 1B and supplemental Fig. S1). Each of these viruses
express an early viral protein that has single-stranded DNA
binding activity and marks VRCs (DBP for Ad5, ICP8 for
HSV-1, and I3 for VACV), and the EdU labeling in infected cells
was predominantly colocalized with these viral replication
proteins (Fig. 1B). EdU patterns observed within VRCs resem-
bled those previously reported for in situ hybridization using
genomic viral DNA probes (34–36) or 5-Bromo-2�deoxyuri-
dine (BrdU) (37) to label VRCs of Ad5, HSV-1, and VACV. In
contrast, EdU incorporation in uninfected cells appeared in
granular patterns characteristic of cellular replication foci (38,
39). All three viruses included in this study are capable of
shutting down host cellular replication during infection (9, 37,
40, 41), suggesting that at peak viral replication there is min-
imal host replication. When EdU pulses were given at earlier
times during infection, the EdU signal was dispersed or local-
ized at small VRCs. In contrast, pulses at later infection times
resulted in EdU signal accumulated in patterns reminiscent of
the late stages of infection (supplemental Fig. S1A–S1C). We
tested different labeling periods (supplemental Fig. S1D), and
chose 15 min as appropriate for labeling replicating viral DNA.
Using our optimized conditions, we performed iPOND on
uninfected cells and cells infected with Ad5, HSV-1, and
VACV and sequenced the genomes recovered from each

condition. Sequence alignment of total reads from each con-
dition showed that most of the DNA recovered from virus
infections was labeled viral genomes, and in each case less
than 50% of the labeled DNA was human: �28.5% in Ad5,
45.6% in HSV-1, and 43.5% in VACV (supplemental Fig. S1E).
Although the iPOND technique was originally developed to
identify proteins on nascent cellular DNA (21, 22), the asyn-
chronous nature of infection, simultaneous viral origin firing,
and differences in genome size between viruses, all act to
preclude analysis of proteins only at replication forks.
Therefore, applying this technique to infected cells will
identify proteins on replicated DNA throughout the virus
genome.

Viral Proteins Identified on Replicated DNA from Infected
Cells—Using our optimized conditions, we isolated proteins
on replicated DNA from uninfected (Host) or infected (Virus)
cells. Protocols were performed with and without biotin and
the resulting proteomes were profiled using liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) and label-free
analysis by MaxQuant software (31) as shown in Fig. 1A. To
validate that our approach enabled capture and identification
of proteins associated with replicated viral DNA, we first
asked whether known viral DNA-interacting proteins were
recovered from virus-infected samples. Within the proteomes
isolated from infected cells we identified viral proteins: 25 for
Ad5, 55 for HSV-1, and 81 for VACV (supplemental Fig. S2A
and supplemental Table S1). Isolated viral proteins included
DNA-interacting proteins, which were uniquely found (bolded
edge) or significantly enriched (p value �0.05) on Virus repli-
cated-DNA proteomes isolated in the presence of biotin com-
pared with no biotin controls (Fig. 1C). Enriched DNA-inter-
acting viral proteins included viral DNA replication factors,
transcription factors, transcription regulators and proteins in-
volved in viral genome packaging. Immunoblotting of proteins
on replicated DNA isolated from infected cells demonstrated
a gradual increase in levels of the early viral single-strand DNA
binding proteins DBP, ICP8 and I3 over time of infection with
Ad5, HSV-1 and VACV respectively (Fig. 1D). The cellular
protein PCNA was used as a positive control for the isolation
of proteins associated with replicating DNA in uninfected
cells. We also observed enrichment of this core component of
the cellular replication fork on replicated DNA isolated from
infected cells (Fig. 1D). The levels of PCNA recovered from
infected cells increased gradually over the course of infection,
peaking at a time when DNA replication is at its maximum
for each virus. This observation suggests the association of
PCNA with replicating viral DNA. Together, these results dem-
onstrate isolation of viral proteins associated with replicating
genomes during virus infection, and provide feasibility to iden-
tify host proteins associated with replicated DNA during virus
infections.

Host Proteins Identified on Replicated DNA During Virus
Infections—To uncover host factors potentially associating
with viral genomes during infection, we analyzed the cellular
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proteins identified in the replicated DNA proteomes recovered
from Virus and Host samples. Proteins isolated exclusively in
the no biotin controls were considered contaminants and
excluded from our analysis (supplemental Fig. S2B and sup-
plemental Table S2). Within the replicated DNA proteome
isolated from infected cells we quantified a total of 1792
cellular proteins for Ad5, 1747 for HSV-1, 1618 for VACV and
2123 in Host (supplemental Fig. S2A and supplemental Table
S3). Pearson correlation coefficients between biological rep-

licates of these samples confirmed quality and reproducibility
of our data (�0.90 for Host and �0.86 for Viruses; supple-
mental Fig. S2C). The observed lower correlation between
different virus biological samples may reflect the asynchro-
nous nature of infection. Correlations were more diverse be-
tween different conditions. Ad5 showed highest similarity to
Mock (PCCAd5 �0.84) compared with HSV-1 (PCCHSV-1

�0.79) and VACV (PCCVACV �0.71), which may highlight
greater independence of HSV-1 and VACV viruses from host

FIG. 1. Profiling proteomes on DNA replicated during virus infection. A, Schematic of workflow. B, EdU incorporation (green) into
replicating genomes in uninfected U2OS cells (Mock) and cells infected with Ad5, HSV-1, or VACV. Single-strand DNA binding proteins for each
virus mark viral replication compartments (VRCs). DAPI stains nuclei. Scale bar, 10 �m. C, Bubble plot showing the enrichment of viral proteins
isolated on Virus replicated-DNA proteomes. The log2 fold change in protein intensity between iPOND(�) and iPOND(-) biotin samples (y axis)
is plotted against the rank of the protein (x axis). Dot size indicates the average abundance of each protein in iPOND(�). Color gradient
indicates significance of the observed fold change (-log10 p value; one-tailed, t test). Only proteins with a significant fold change (-log10 p value
�1.3) were plotted. Viral proteins identified uniquely in iPOND(�) samples are highlighted by a bolded edge. Viral replicative proteins are
labeled. (D) Immunoblotting of DBP (Ad5), ICP8 (HSV-1), and I3 (VACV) confirms enrichment of viral DNA-interacting proteins in native iPOND
isolates. Cellular PCNA is a positive control in uninfected cells. Molecular weight markers (kDa) are marked on left. See also supplemental Fig.
S1 and supplemental Table S1.
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replication machinery. This was expected, as HSV-1 and
VACV genomes encode more proteins than Ad5, thus they
use fewer host enzymes to express viral genes and replicate
viral DNA. On the other hand, the high correlation of Ad5 and
HSV-1 virus (PCCAd5/HSV �0.82) as compared with VACV
(PCCAd5/VACV �0.71; PCCHSV-1/VACV �0.58) may reflect dif-
ferences in sites where these viruses replicate within the
infected cell. Ad5 and HSV-1 replicate their genomes in the
cell nucleus, whereas VACV replicates in the cytoplasm of
infected cells. Surprisingly, Ad5 was more like VACV than
HSV-1, suggesting perhaps more commonalities than previ-
ously thought in the way these two viruses manipulate host
cell processes to promote their replication. Principal compo-
nent analysis (PCA) showed distinct proteomes were isolated
for each condition (supplemental Fig. S2D).

The profiles obtained by analyzing cellular proteins on rep-
licated DNA purified from Ad5, HSV-1 and VACV infections
suggest host factors and potential cellular processes are ma-
nipulated by these viruses to promote their efficient replica-
tion. To define differences between proteins on replicated
DNA isolated from uninfected (Host) and infected (Virus) cells,
we compared proteomes and classified cellular proteins into
three enrichment categories: “common,” “enriched” on virus,
or “under-represented” on virus (Fig. 2A and supplemental
Table S3). Although our comparative analysis does not ac-
count for differences in DNA replication efficiencies between
each virus and the cell, this classification highlights quantita-
tive differences between the composition of Virus and Host
proteomes, which may reflect manipulation of specific host
pathways during virus infection. Host proteins in the “com-
mon” category are those with no significant difference (p
value �0.05) in abundance between Virus and Host pro-
teomes. These proteins (purple) were found at similar levels
on the replicated DNA isolated from uninfected and infected
cells. We suggest that many proteins in this category are
specifically associated with the replicated viral DNA extracted
from virus-infected samples. The “enriched” proteins are
those found to be significantly (p value �0.05) more abundant
(log2 fold change �0) within Virus proteomes (red). Because
these proteins were present at higher levels on replicated
DNA isolated from infected cells compared with uninfected
cells, we suggest these proteins are associated with viral DNA
and might represent cellular pathways used in viral processes.
In contrast to the “enriched” proteins, host proteins assigned
“under-represented” were those significantly less abundant
(log2 fold change �0) within proteomes recovered from in-
fected cells when compared with proteomes on replicated
DNA from uninfected cells (blue). Proteins in this category
may include host factors that are either used by the virus but
found at lower levels on viral DNA compared with replicated
cellular DNA, or cellular factors that are not harnessed during
virus infection. Furthermore, proteins “under-represented” on
replicated DNA during infections might also highlight cellular
processes that are specifically inactivated by early viral

proteins. Interestingly, the percent of cellular proteins found
“under-represented” in Virus DNA proteomes ranged from
�23.8% (506 proteins) for Ad5 (�36Kb), to �31% (664 pro-
teins) for HSV-1 (�150Kb), and �44.7% (949 proteins) for
VACV (�190Kb). This trend in the number of “under-repre-
sented” host proteins for each virus, along with the number of
viral proteins identified within each Virus DNA proteome, sup-
ports the notion that viruses with larger viral genomes are less
dependent on host machinery.

To gain insight into the biological processes potentially
manipulated during viral infection and to illustrate global sim-
ilarities and differences between viruses, we performed com-
parative gene ontology (GO) enrichment analysis of host pro-
teins in each category for each Virus-Host comparison (Fig.
2B). We observed that ontologies represented by “enriched”
proteins revealed distinctions in processes harnessed and
differentiated viruses that are nuclear-replicating (Ad5 and
HSV-1) from cytoplasmic-replicating (VACV). For example,
host proteins “enriched” in Ad5 and HSV-1 proteomes include
factors involved in mRNA processing and export, whereas
proteins “enriched” in VACV represent processes such as
vesicle-mediated transport and protein folding. We observed
that most ontologies represented by “enriched” proteins point
to cellular pathways potentially harnessed to contribute to
viral processes taking place after viral DNA synthesis such as
gene expression, mRNA synthesis, splicing and transport for
Ad5 and HSV-1 and protein folding, processing and transport
for VACV.

Comparative GO enrichment analysis of proteins classi-
fied as “under-represented” on replicated DNA proteomes
from virus infected cells also showed distinctions between
viruses, especially between HSV-1 and VACV. For example,
proteins found “under-represented” in HSV-1 reflected pro-
cesses such as cytoplasmic transport and protein targeting,
whereas in VACV, “under-represented” proteins highlighted
processes including mRNA processing and covalent chroma-
tin modification. Our global comparison also shows biological
processes “under-represented” in all three viruses including
DNA replication, DNA repair, chromatin organization and
cell cycle. These cellular processes commonly “under-repre-
sented” in all three Virus proteomes might highlight those that
are fine-tuned during virus infection: components detrimental
to virus replication may be deactivated whereas components
that are beneficial are exploited. Altogether, this analysis pro-
vides an overview of cellular processes commonly or specif-
ically manipulated by each virus based on protein abundance
differences found between each Virus DNA-replicated pro-
teome relative to that of the Host.

Association of Cellular DNA Replication Factors with Viral
DNA—Our global GO enrichment analysis showed that cellu-
lar factors involved in DNA replication and repair were found
in the “under-represented” category in the proteomes recov-
ered from all three viruses when compared with Host. How-
ever, several of these factors were enriched in Virus replicated
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DNA proteomes when compared with no biotin controls, sug-
gesting these proteins are associated with the DNA replicated
in infected cells even though their abundance is lower on viral
DNA than cellular DNA (supplemental Table S4). To gain a
deeper understanding into how each virus could use cellular
DNA replication and repair proteins for viral processes, we

compared protein abundance of specific host DNA replication
and repair factors between the replicated DNA proteomes
isolated from each virus infection (Ad5, HSV-1, and VACV).
We hypothesized that the activity of some of these host
factors may be beneficial for viral DNA synthesis by one virus,
whereas detrimental for another virus. A global overview of

FIG. 2. Differential enrichment of cellular proteins on genomes replicated during infection. A, Venn diagrams summarize enrichment
differences of cellular factors between Host and Virus replicated-DNA proteomes from Ad5, HSV-1 and VACV. Proteins significantly different
(one-tailed, t test; p value �0.05) are considered “enriched” if log2 fold change �0 or “under-represented” if �0. Small circles show the number
of proteins found only in iPOND samples of the indicated condition with one-tailed, t test; p value �0.05. These significantly different proteins
in small circles are considered unique to each proteome. Proteins not significantly different (one-tailed, t test; p value �0.05) are considered
“common” between proteomes. * Indicates number of proteins considered not significantly different, but found only in uninfected samples.
These proteins are characterized by being uniquely identified in very few Host (�)Biotin samples (mainly in 1, 2, or 3 replicates) at highly variable
levels and thus cannot be considered unique to the Host proteome. B, Annotation matrix of GO biological processes represented by host
proteins found enriched (red), common (purple) or under-represented (blue) in each Virus proteome (A: Ad5; H: HSV-1; V: VACV). Color gradient
heat map represents normalized p value (-log10) from MetaCore analysis (false discovery rate (FDR) �5%). See also supplemental Figs. S2 and
supplemental Tables S2 and S3.
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the enrichment differences of core cellular DNA replication
factors in each Virus compared with the Host replicated DNA
proteome highlights host factors potentially used by Ad5,
HSV-1 and VACV (Fig. 3A). We observed that the abundances
of most host DNA replication factors are only slightly lower on
Virus proteomes compared with Host, as shown by the prev-
alence of yellow and light green shades in the heat map.
Remarkably, all subunits of the mini-chromosome mainte-
nance (MCM2–7) replicative helicase complex were isolated
at similar levels within the Virus and Host DNA proteomes (Fig.
3A). Similarly, topoisomerases I, II�, and II� were found at
comparable levels in Virus and Host DNA proteomes, except
that both type II topoisomerases were found highly enriched

(log2 fold change �0) in the VACV proteome. This result is
consistent with a previous report showing type II topoi-
somerases are recruited to VACV cytoplasmic VRCs to fa-
cilitate viral replication (15). In contrast, most subunits of the
replicative DNA polymerases are under-represented on rep-
licated DNA from infected cells, likely reflecting that each
virus encodes its own viral DNA polymerase and therefore is
not reliant on cellular DNA polymerases (2, 42, 43). Claspin,
Timeless, and MCM10 showed the largest negative fold
change in the DNA proteomes on Virus compared with Host,
suggesting these proteins do not associate with replicating
viral DNA perhaps because of their activity being detrimen-
tal to viral replication.

FIG. 3. Host DNA replication factors are recruited to sites of viral DNA replication. A, Heat map highlighting differences in enrichment
of cellular replisome components between each Virus replicated-DNA proteome compared with Host. B–D, Immunoblotting of proteins
recovered on replicated DNA from cells infected with Ad5 (A), HSV-1 (H), VACV (V) or mock (M). MCM2, TOPI, Claspin and Timeless were
examined to validate fold change differences (orange: log2 FC near zero, blue: log2 FC far under zero). Viral proteins DBP, ICP8, and I3
confirmed isolation of viral genomes. Molecular weight markers (kDa) are marked on left. E–G, Immunofluorescence showing localization of
MCM2 and TOPI in uninfected U2OS cells (Mock) or cells infected with (E) Ad5, (F) HSV-1, and (G) VACV. Representative images showing
MCM2 and TOPI colocalization with viral replication compartments in all three viruses were quantified. Percentages shown correspond to the
number of infected cells with the observed pattern. DAPI stains nuclei. Scale bar, 10 �m. Insets show VACV cytoplasmic VRCs. See also
supplemental Fig. S3 and supplemental Table S4.
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We further investigated enrichment and localization of cel-
lular replicative factors during virus infection by immunoblot-
ting and immunofluorescence. Consistent with our proteom-
ics analysis, by immunoblot we detected both MCM2 and
topoisomerase I (TOPI) at nearly similar levels in replicated-
DNA samples recovered from cells uninfected or infected with
Ad5 (Fig. 3B) and HSV-1 (Fig. 3C), and at slightly lower levels
in VACV (Fig. 3D). In contrast, Claspin and Timeless were
detected at significantly reduced levels in DNA samples re-
covered from infected cells (Fig. 3B–3D). Despite differences
in sensitivity between techniques, our immunoblotting results
globally reflect our proteomics observations. Immunofluores-
cence analysis of infected cells confirmed MCM2, TOPI and
PCNA localized to sites of viral replication (Fig. 3E–3G and
supplemental Fig. S3A). We observed strong signals for ac-
cumulation of MCM2, TOPI and PCNA at VRCs marked by
DBP for Ad5, ICP8 for HSV-1 and I3 for VACV (see quantifi-
cation in Fig. 3E–3G). Although a less quantitative technique
than iPOND, immunofluorescence analysis of selected host
DNA replication factors reflected our proteomics data and
confirmed that MCM2, TOPI, and PCNA accumulate at sites
where viral DNA is being synthesized. The accumulation of
PCNA on VRCs further supports the association of this host
protein with replicating viral DNA previously suggested by
immunoblotting of iPOND samples recovered from infected
cells (Fig. 1D). Together, these results suggest that our com-
parative proteomic analysis highlights host factors associated
with viral DNA during infection.

Selective Enrichment of Host DNA Damage/Repair Factors
on Viral DNA—Viruses manipulate DNA damage signaling and
repair pathways to promote their own replication (44–46). To
provide a comprehensive overview of host DNA repair factors
potentially exploited or deactivated by Ad5, HSV-1, and
VACV, we also examined the presence and abundance
of DNA repair factors within the DNA proteomes of each virus
compared with Host (Fig. 4A and supplemental Table S4).
Like DNA replication factors, host DNA repair factors were
observed within DNA proteomes of all three viruses at levels
similar to or higher than Host. These included proteins in-
volved in Non-Homologous End Joining (NHEJ), Base Exci-
sion Repair (BER), Nucleotide Excision Repair (NER), and
Interstrand Crosslink (ICL) Repair. This observation suggests
Ad5, HSV-1 and VACV coopt these pathways to promote their
replication. We also found host factors differentially enriched
between the proteomes recovered from each virus infection.
For example, proteins implicated in Homologous Recombina-
tion Repair (HRR), including Bloom’s helicase (BLM), MRE11,
RAD50, and NBS1 (NBN), were found at lower levels in Ad5
than in HSV-1 or VACV DNA proteomes. This result is con-
sistent with previous reports that these four HRR factors are
targeted for degradation and/or mislocalization away from
VRCs by Ad5 early viral proteins (30, 47–49), but are har-
nessed by HSV-1 to promote viral replication (10, 11, 50).
Interestingly, a role for cellular HRR factors in VACV infection

has not been described. Our analysis showed most HRR
factors were found in the VACV DNA proteome at levels
comparable to Host, suggesting that these factors may be
recruited similarly to HSV-1, potentially to aid viral DNA
replication.

Enrichment and localization of selected DNA repair factors
were examined further using immunoblotting and immunoflu-
orescence to validate our proteomics analysis. Immunoblot-
ting confirmed MRE11 association with DNA isolated from
cells infected with HSV-1 and VACV, but not Ad5 (Fig. 4B–
4D). Among host DNA repair factors, we observed high en-
richment of SLX4, ATM and ERCC6L within proteomes of
Ad5, HSV-1, and VACV, respectively. We detected high levels
of SLX4 on Ad5 (Fig. 4B), ATM on HSV-1 (Fig. 4C), and
ERCC6L on both Ad5 and VACV (Fig. 4D) by immunoblotting.
Immunofluorescence analysis of infected cells confirmed lo-
calization of SLX4, ERCC6L, KU70 (XRCC6), and MRE11 to
sites of viral DNA replication as predicted by our proteomics
data (Fig. 4E–4G and supplemental Fig. S3B–S3C). A strong
signal was detected for SLX4 at Ad5 VRCs marked by DBP,
but SLX4 was more difficult to observe at HSV-1 and VACV
VRCs (see quantification in Fig. 4E–4G). In contrast, overlap-
ping signals for ERCC6L and KU70 with the viral proteins
marking VRCs were easily observed for all three viruses. In
addition, immunofluorescence was consistent with our pro-
teomics data and revealed MRE11 localized to cytoplasmic
replication sites during VACV infection (supplemental Fig.
S3C), recruited to HSV-1 VRCs, and depleted in Ad5 infected
cells. These data support the hypothesis that DNA viruses
selectively harness host DNA repair factors.

We propose that host factors classified by our comparative
proteomic analysis as “common” or “enriched” on replicated
DNA from virus-infected cells may be exploited for viral DNA
replication. Conversely, proteins found significantly “under-
represented” within proteomes associated with replicated
DNA from virus infections may not be required for viral DNA
replication, or may be actively targeted by viral proteins to
avoid their association with viral nascent DNA. For instance,
our comparative analysis categorized SLX4 as “enriched” in
Ad5 and “common” in HSV-1, suggesting both viruses coopt
this host factor to enhance their replication. Following our
rationale, SLX4 depletion should have a negative impact on
Ad5 and HSV-1 replication. To validate our proposal, we
examined the effect of SLX4 on the replication of Ad5 and
HSV-1. We examined infection with Ad5 (Fig. 4H and 4J) or
HSV-1 (Fig. 4I and 4K) in SLX4-deficient cells (27) comple-
mented with empty vector (FLAG) or with SLX4 (FLAG-SLX4).
We assessed viral protein production by immunoblotting (Fig.
4H and I), viral DNA replication by quantitative PCR (Fig. 4J),
and viral progeny production by plaque assay (Fig. 4K). We
observed augmented viral protein levels for both Ad5 and
HSV-1 in the presence of SLX4 (Fig. 4H and 4I). Similarly, we
observed a significant enhancement in viral genome accumu-
lation for Ad5 (Fig. 4J) and viral titer for HSV-1 (Fig. 4K) in

Proteins Associated on Replicated Viral DNA

Molecular & Cellular Proteomics 16.12 2087

http://www.mcponline.org/cgi/content/full/M117.067116/DC1
http://www.mcponline.org/cgi/content/full/M117.067116/DC1
http://www.mcponline.org/cgi/content/full/M117.067116/DC1
http://www.mcponline.org/cgi/content/full/M117.067116/DC1
http://www.mcponline.org/cgi/content/full/M117.067116/DC1


Proteins Associated on Replicated Viral DNA

2088 Molecular & Cellular Proteomics 16.12



deficient cells complemented with SLX4. Together these data
demonstrate the strength of our comparative proteomic ap-
proach in predicting host factors harnessed by DNA viruses
during infection.

Host Factors Depleted from Viral Nascent DNA Pro-
teomes—We hypothesized that proteins classified as “under-
represented” within the replicated-DNA proteomes from
virus-infected cells would include host factors potentially de-
activated by early viral proteins during infection. To illustrate
that our proteomics approach facilitates identification of pre-
viously unknown targets of early viral proteins, we further
analyzed the abundance of cellular proteins within the Ad5
replicated-DNA proteome. The early viral proteins E1b55K,
E4orf3 and E4orf6 of Ad5 play important roles in promoting
viral DNA replication by counteracting intrinsic cellular re-
sponses to infection (51). E4orf3 protein acts by re-localiz-
ing key components of these responses to nuclear protein
scaffolds known as E4orf3 tracks (52), whereas E1b55K and
E4orf6 interact with specific cellular proteins to form E3
ubiquitin ligase complexes that direct the proteasome-me-
diated degradation of repressive host factors (reviewed in
(53). Members of the MRN complex are known targets of
Ad5 E4orf3, E1b55K, and E4orf6 (26, 30, 48, 49, 54). We
observed the MRN complex components (MRE11 RAD50,
and NBS1) under-represented in the Ad5 proteome com-
pared with Host, and with an abundance lower than the
mean of all host proteins within the Ad5 proteome (Fig. 5A).
Interestingly, ATAD2, TFII-I, and Claspin, showed a similar
pattern to MRN components within the Ad5 proteome, sug-
gesting these proteins might also be targets of early viral
proteins. As predicted by our proteomics analysis, immu-
nofluorescence of Ad5-infected cells showed that ATAD2,
TFII-I, and Claspin do not localize to VRCs marked by DBP
(supplemental Fig. S4A). We therefore examined total pro-
tein levels during infection with wild-type Ad5 or a mutant
virus lacking the E4 region (dl1004). This mutant virus is
missing E4orf3 and E4orf6 and thus cannot promote deg-
radation or re-localization of cellular factors targeted by

these viral proteins. We observed protein levels of TFII-I, but
not Claspin and ATAD2, decreased dramatically during in-
fection with wild-type Ad5. TFII-I levels were rescued when
infecting with the E4-deleted virus (Fig. 5B). TFII-I is a
transcriptional regulator that functions as a repressor in
multiple cellular processes (55). Association of TFII-I with
the Ad5 genome could therefore have a negative impact on
viral transcription, and may explain why TFII-I is targeted by
early viral proteins. We then further examined TFII-I local-
ization during infection with wild-type Ad5 and E4-deleted
mutant. In uninfected cells TFII-I localized throughout the
nucleoplasm but in Ad5 infected cells the TFII-I immunofluo-
rescence signal decreased, and remaining protein was re-
localized into large foci distinct from sites of virus replication
(Fig. 5C and supplemental Fig. S4A). In cells infected with
E4-deleted mutant the TFII-I signal did not decrease, and
TFII-I was found at or around DBP staining VRCs. We quan-
titated TFII-I patterns over a time-course of infection with both
wild-type Ad5 and E4-deleted mutant (Fig. 5C). Together
these results suggest that Ad5 infection results in mislocal-
ization and degradation of TFII-I protein because of expres-
sion of viral E4 gene products.

The kinetics observed for TFII-I resemble RAD50 degrada-
tion (Fig. 5B), which is proteasome-mediated and E4-depend-
ent (26, 30, 54). We confirmed by immunoblotting of Ad5-
infected cells treated with protein synthesis or proteasome
inhibitors that TFII-I levels decreased because of enhanced
protein turnover (Fig. 5D) mediated by the proteasome (Fig.
5E). Further, we showed that virus-induced decrease in TFII-I
levels appeared most significant when E4orf3 was expressed
in the presence of E1b55K (Fig. 5F) using a panel of mutant
viruses that lack E1b55K, E4orf3 and E4orf6 genes individu-
ally or in different combinations (28, 56, 57). We then ex-
pressed E4orf3 and E4orf6 in the presence of E1b55K by
transfection of HEK293 cells and demonstrated that E4orf3
expression led to degradation of TFII-I (Fig. 5G). Expression of
E4orf3 in transfection experiments was also sufficient to re-
arrange TFII-I into nuclear track-like structures (Fig. 5H), as

FIG. 4. Selective association of DNA repair factors within viral DNA. A, Heat map comparing enrichment of host DNA repair factors within
Virus replicated-DNA proteomes compared with Host. B–D, Immunoblotting of proteins captured from cells infected with Ad5 (A), HSV-1 (H),
VACV (V) or mock (M). SLX4, ATM, ERCC6L and MRE11 are shown to validate association of differentially “enriched” (red) and “under-
represented” (blue) host DNA repair factors with viral DNA. Viral proteins DBP, ICP8 and I3 confirmed viral genomes were recovered. Molecular
weight markers (kDa) are marked on left in all immunoblots in this figure. E–G, Immunofluorescence showing localization of SLX4 and ERCC6L
in Mock or cells infected with Ad5 (E), HSV-1 (F), and VACV (G). SLX4 localized clearly to VRCs in Ad5 infections only, whereas ERCC6L
localized to VRCs in Ad5 and VACV infections. Representative images were quantified. Percentages shown correspond to the number of
infected cells with the observed pattern. DAPI stains nuclei. Scale bar, 10 �m. Insets zoom into VACV cytoplasmic VRCs. H–K,
Hypomorphic SLX4 cells and matched cells complemented with FLAG-SLX4 were infected with Ad5 or HSV-1 to examine the effect of
SLX4 on viral processes. H, Immunoblots of lysates at the indicated time points demonstrating increased Ad5 DBP levels in the presence
of SLX4 (FLAG). Actin serves as a loading control. I, Immunoblots demonstrating increased HSV-1 protein levels (ICP0, TK and VP21) in
the presence of SLX4 at low MOI. SLX4 does not affect HSV-1 protein levels at high MOI. GAPDH serves as a loading control. J, The
presence of SLX4 results in an increase in Ad5 genome accumulation as assessed by qPCR at indicated time points during infection.
Accumulation of viral DNA is represented as fold increase over input viral DNA as determined at the 4 h time point, and error bars represent
standard deviation for three biological replicates. *p � 0.05, **p � 0.01. K, HSV-1 viral yield was measured by plaque assay at indicated
time points. Viral yield is indicated as plaque-forming units (PFU) per ml and is shown to increase in the presence of SLX4. The average
of three biological replicates is shown with error bars displaying S.D. of triplicates. *p � 0.05, **p � 0.01, ****p � 0.0001. See also
supplemental Fig. S3 and supplemental Table S4.
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previously observed for PML and the MRN complex (30, 48,
52, 58). Similar results were observed in multiple cell types
(supplemental Fig. S4B–S4D). These results indicated that
gene products expressed from early regions of Ad5 induce
redistribution and degradation of TFII-I, and result in exclu-
sion from replicated DNA at viral replication centers. These
findings also demonstrate that the enrichment scheme re-
sulting from our comparative analysis of Virus and Host
proteomic profiles enables identification of host targets of
viral proteins.

Host Factors Involved in Ribosome Biogenesis Associate
with viral Genomes—To provide insights into pathways har-
nessed by Ad5, we further examined the cellular proteins
classified as “enriched” within the Ad5 replicated-DNA pro-
teome. GO cellular compartment enrichment analysis re-
vealed that 60% of these proteins were of nucleolar origin
(Fig. 6A). Components of the RNA polymerase I (POL I) and
the small-subunit (SSU) processome had the highest enrich-
ment levels among “enriched” proteins. During ribosome bio-
genesis, POL I transcribes a long ribosomal RNA (rRNA) pre-
cursor (47S) from which three out of four mature rRNAs (18S,
5.8S, and 28S) are derived (59, 60). The SSU processome is a
ribonucleoprotein complex involved in processing, assembly
and maturation of the ribosomal small subunit RNA (18S). The
SSU processome is composed of distinct subcomplexes,
including the small nucleolar riboprotein (snoRNP) com-
plexes U3, Box C/D and Box H/ACA; the UTP-A, UTP-B,
UTP-C, Mpp10, and Bms1/Rcl1 complexes and several in-
dividual proteins (61). Analysis of the full proteome identified
on Ad5 replicated-DNA revealed additional POL I and SSU
processome protein components (Fig. 6B). We also identi-
fied the same group of proteins within the HSV-1 proteome
(supplemental Fig. S5A), but few proteins in VACV (supple-
mental Fig. S5B). These results suggest that POL I and
multiple protein components of the SSU processome are
recruited by DNA viruses that replicate in the cell nucleus.
These results are also consistent with our observation that
RNA processing pathways are potentially exploited by nu-
clear-replicating viruses (Ad5 and HSV-1), but not for VACV
(Fig. 2B).

To validate our proteomics analysis, we examined sub-
cellular localization of representative POL I and SSU pro-
cessome proteins during Ad5 virus infection. We observed

that POLR1A, NOP56, Fibrillarin (FBL), Dyskerin (DKC1),
MYBBP1A, DDX21 and NAT10 localized to VRCs marked by
DBP in three distinct patterns: (1) diffuse signal with puncta
around the VRC edges (TCOF1, NOLC1, NOP56, FBL, and
DKC1), (2) signal overlapping with DBP (POLR1A and
MYBBP1a), and (3) diffuse nucleoplasmic signal partially over-
lapping with VRCs (DDX21 and NAT10) (Fig. 6C and supple-
mental Fig. S5C). These results demonstrate that nucleolar
proteins partially accumulate at sites where viral DNA is rep-
licated during Ad5 infection, suggesting an important role in
the viral life cycle.

TCOF1 is Required for Protein Recruitment and Efficient
Ad5 Replication—Among nucleolar proteins enriched in the
proteome isolated by Ad5 replicated-DNA we identified
TCOF1 (Fig. 6A). TCOF1 regulates ribosomal DNA (rDNA)
transcription and preribosomal RNA processing through its
interaction with POL I and protein components of the Box C/D
snoRNPs (62–64). Werner et al. recently showed that TCOF1
and NOLC1 are monoubiquitinylated to form a scaffold that
recruits POL I and the SSU processome subcomplexes, Box
C/D and H/ACA snRNPs (65). Based on these data and our
observation of TCOF1 enrichment in the Ad5 proteome, we
hypothesized that the localization of POL I and SSU proces-
some protein components to Ad5 VRCs is dependent on
TCOF1. We observed that depletion of TCOF1 by siRNA in
uninfected cells did not impact levels of NOLC1, FBL,
POLR1A and DKC1 (supplemental Fig. S6A), but did alter their
localization pattern from nucleolar to diffuse in the nucleo-
plasm (supplemental Fig. S6B). In Ad5 infected cells TCOF1
depletion impacted localization of NOLC1, FBL, and POLR1A
to sites of Ad5 DNA replication (Fig. 6C). DKC1 localization
was not affected by TCOF1 depletion (supplemental Fig.
S6C). These results suggest that TCOF1 plays a role in re-
cruiting NOLC1, POL I, and Box C/D snoRNPs to sites of Ad5
viral replication.

To determine the impact of TCOF1 depletion on Ad5 infec-
tion, we examined viral late protein production by immuno-
blotting (Fig. 6D), viral DNA replication by quantitative PCR
(Fig. 6E), and viral progeny production by plaque assay (Fig.
6F). We observed a reduction in viral late protein levels in cells
with TCOF1 knockdown (Fig. 6D). This appeared to be spe-
cific to TCOF1 because depletion of other nucleolar proteins,
including NAT10, did not affect viral protein levels (supple-

FIG. 5. TFII-I is a novel target of Ad5 early viral proteins. A, Scatter plot comparing cellular protein enrichment of Host replicated-DNA
proteome (x axis: log2 FC Ad5/Host) compared with protein abundance within the Ad5 replicated-DNA proteome (y axis: z-normalized
protein intensities in Ad5). Host factors known as Ad5 early viral proteins targets (black) and potential new substrates (green) are
highlighted. B, Immunoblotting for TFII-I, Claspin and ATAD2 in mock (M) or infected cells over time of infection with wild-type (Ad5) or
E4-deleted mutant (dl1004). RAD50 is a control for E4-dependent degradation, GAPDH is a loading control and DBP controls for infection.
C, Immunofluorescence shows representative distribution patterns (I-V) of TFII-I localization during infection by Ad5 and dl1004. Scale bar,
10 �m. The five patterns of TFII-I staining (I-V) were quantified over time of infection. D, Cycloheximide (CHX) treatment at 10 hpi shows
increased turnover of TFII-I during Ad5 infection. E, TFII-I turnover is proteasome-dependent. F, Infections with mutant viruses at 24 hpi
demonstrate requirement for E4orf3 to decrease TFII-I abundance. A (�) or (-) sign depicts whether the indicated viral protein is encoded
by each mutant virus (G) E4orf3 expression by transfection reduces TFII-I levels but not RAD50. E4orf6 expression reduces RAD50 but not
TFII-I. H, E4orf3 expression by transfection forms track-like structures and redistributes endogenous TFII-I. Scale bar, 10 �m. See also
supplemental Fig. S4.
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FIG. 6. TCOF1-dependent recruitment of nucleolar proteins to viral DNA is required for efficient viral replication. A, Representative
nucleolar proteins enriched in Ad5 replicated-DNA proteome highlighted in the same scatter plot shown in Fig. 5A. B, Protein network analysis
of all nucleolar proteins identified in the Ad5 replicated-DNA proteome that are associated with the RNA POL I complex and the SSU
processome. Components of characterized subcomplexes are circled. Protein color reflects enrichment status as in (A). C, Localization of
nucleolar proteins on TCOF (gray) knockdown and infected with Ad5 at 24hpi, EdU marks VRCs. Scale bar, 10 �m. D, TCOF1 depletion
reduced late protein production. E, TCOF1 depletion reduced viral DNA replication. Ad5 genome accumulation was assessed by qPCR at
indicated time points during infection of cells with TCOF1 reduced by siRNA compared with control siScrbl. Accumulation of viral DNA is
represented as fold increase over input viral DNA as determined at the 4 h time point, and error bars represent standard deviation for three
biological replicates. F, TCOF1 depletion reduced progeny production. Ad5 viral yield was measured by plaque assay at indicated time points.
Viral yield is indicated as plaque-forming units (PFU) per ml and is shown to decrease in the absence of TCOF1. The average of four biological
replicates is shown with error bars displaying S.D. of quadruplicates. ***p � 0.001, **p � 0.01 and *p � 0.05. See also supplemental Fig. S5
and S6.
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mental Fig. S6D). We also observed that TCOF1 knockdown
impacted viral genome accumulation (Fig. 6E) and viral yield
(Fig. 6F). Together these results suggest that TCOF1 plays a
positive role in efficient viral infection, likely through recruit-
ment of POL I and SSU processome subcomplexes that
promote viral protein production.

DISCUSSION

Virus replication is regulated by interactions of cellular pro-
teins with viral proteins and the viral DNA genome. Defining
the proteome associated with the genomes replicated during
virus infection can reveal proteins participating in these inter-
actions and highlight important cellular factors harnessed or
inactivated by DNA viruses to advance progeny production. In
this study, we applied a proteomics approach to determine
proteins associated with DNA replicating in human cells in the
absence (Host) or presence (Virus) of infection by Ad5, HSV-1
and VACV. The resulting proteomes provide unique protein
profiles for each virus that facilitate interrogation of cellular
factors impacting the virus life cycle. Comparative analysis of
Virus and Host protein profiles, allowed us to generate enrich-
ment signatures for host proteins within each Virus proteome.
These enrichment signatures enabled us to (1) predict com-
mon and specific cellular factors and processes manipulated
by the three DNA viruses; (2) identify TFII-I as a target of Ad5
early viral proteins; and (3) uncover a role for TCOF1 in re-
cruiting nucleolar proteins to VRCs to aid Ad5 replication. The
data presented here provide a comprehensive resource for
exploration of the impact of host factor activities during viral
replication. To promote and facilitate the use of our data in
generating hypotheses regarding the potential impact of host
factors on viral replication, a guide to navigate our data tables
has been included in the supplementary Information.

Our approach to profiling proteins on viral DNA is amenable
to studies that compare infection in different cell types, time
points during infection, and between different viral species or
mutants. The isolation of proteins on labeled DNA could also
be combined with biochemical approaches to fractionate
VRCs (66). In addition, our approach may be adapted to
profile proteins associated with incoming viral DNA genomes
(23) to identify cellular sensors and early cellular responses.
Overall, our results illustrate the power of proteomics for
in-depth profiling of proteins accumulated on viral DNA ge-
nomes in a reproducible quantitative and qualitative fashion. A
technique has recently been developed to identify host fac-
tors associated with viral RNA and involved in amplification of
viral RNA genomes (67). Further work using complementary
approaches will continue to provide a broad view of virus-host
interactions on viral nascent genomes.

The three viruses compared in this study are known to limit
host replication in favor of their own replication. Consistent
with this, sequencing of total DNA isolated by iPOND from
infected cells demonstrated that labeled DNA was predomi-
nantly viral (supplemental Fig. S1E). Labeling host cellular

DNA could be further minimized by synchronizing infections
or using non-replicating cells. A recent study used a similar
approach to identify viral and cellular proteins associated with
viral HSV-1 genomes in resting fibroblast cells infected with a
mutant virus lacking UL2 (dUTPase) and UL50 (uracil glyco-
sylase) (24). In our study we specifically used proliferating
cells to define the Host replicated-DNA proteome in the same
cells used for virus infections and to enable our comparative
analysis. Therefore, a caveat to our approach is that some
proteins in the Virus proteomes were isolated on labeled
cellular DNA resulting from uninfected cells within the popu-
lation that were replicating normally. However, these proteins
are expected to be notably less abundant in Virus proteomes
compared with Host because a multiplicity of infection suffi-
cient to infect at least 90% of cells was used for each virus.
Despite using proliferating cells, our study confirmed the en-
richment on HSV-1 genomes at 8 hpi of the 96 viral and
cellular proteins previously reported by Dembowski and De-
Luca (24). Furthermore, our approach revealed new virus-host
interactions for Ad5, HSV-1 and VACV that were validated
using immunoblotting and immunofluorescence. Future stud-
ies could incorporate immunopreciptation approaches to as-
sess relative association with viral or cellular DNA. This could
be combined with high resolution imaging to reveal spatial
arrangements of host factors within subdomains of VRCs (34,
66, 68), where they may have specific temporal activities that
aid viral infection.

Comparing protein profiles highlighted a high degree of
overlap between Virus and Host proteomes. Interestingly, the
overlap between VACV and Host proteomes was almost 50%.
This finding is consistent with previous reports showing that
despite its cytoplasmic location, VACV replication factories
recruit host nuclear proteins, including transcription factors,
RNA polymerases, histone deacetylases, DNA ligases and
topoisomerases (14–16). Our results complement the list of
nuclear factors shown to be required for productive infection
and proper morphology of VACV virions in two recent RNAi
screens (69, 70), underscoring the importance of host nuclear
proteins in the VACV lifecycle. Despite the surprising similarity
in “enriched” factors, our overview also portrays clear distinc-
tions between the nuclear- and cytoplasmic-replicating DNA
viruses. For example, mRNA processing is among the most
highly enriched processes for the nuclear-replicating Ad5 and
HSV-1 viruses, but was not enriched for VACV. The process of
vesicle-mediated transport is highly enriched within the pro-
teome on VACV DNA but not Ad5 and HSV-1, consistent with
VACV DNA replication depending on the endoplasmic reticu-
lum (ER) membrane wrapping around cytoplasmic VRCs (9).
Another biological process highly represented in VACV, but
not in the two nuclear viruses is the mitotic cell cycle process.
Proteins enriched in VACV and assigned to this category
include members of the condensing complex and both iso-
forms of topoisomerase type 2, which might be recruited to
help condense the 191 kb genome of this virus. Interestingly,
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the rest of the host factors found within this category have
been implicated in the formation and stabilization of kineto-
chore fibers. These proteins include Tubulin alpha and beta,
which are major structural components of microtubules (71)
and Clathrin and ch-TOG, which along with TACC3 form a
complex that bridges microtubules to stabilize the kineto-
chore fibers during chromosome segregation (72). The ele-
vated association of this set of proteins with replicating and
replicated VACV genomes may hint at a mechanism by which
VACV translocates its large genome within cytoplasmic VRCs
during replication.

Among the processes commonly manipulated by all three
viruses were cellular DNA replication and/or DNA repair. Of all
host DNA replication factors identified, Claspin was the most
depleted in the replicated-DNA proteomes of Ad5 and HSV-1
and only second to ORC2 in the proteome of VACV. Consist-
ent with these data, we observed Claspin excluded almost
completely from VRCs in cells infected with Ad5 by immuno-
fluorescence analysis (supplemental Fig. S4). Claspin associ-
ates with Chk1 on replication stress and DNA damage to
activate Chk1 kinase activity, which can lead to the slowing or
stalling of DNA replication (73–75). Hence, the interaction of
Claspin and Chk1 on replicating viral genomes and the result-
ing signaling cascade could potentially impact the efficiency
of viral replication. Our results may reflect an active effort of
DNA viruses to keep Claspin from associating with their ge-
nome to facilitate the replication process. Moreover, there
appears to be differential usage of host DNA replication and
repair machinery between the viruses tested. For example we
found HRR factors recruited to HSV-1 replicated genomes,
where they have been reported to promote virus infection (10,
11, 50). In contrast, some HRR components were excluded
from Ad5 replicated genomes, consistent with reports that the
MRN complex inhibits virus replication (48, 49, 76). Despite
some HRR complexes being depleted during Ad5 infection,
we found SLX4 recruited to Ad5 VRCs. We showed that SLX4
promotes Ad5 genome accumulation and protein production.
Similarly, we found SLX4 associated with HSV-1 genomes
and showed that SLX4 promotes viral protein production and
progeny production during HSV-1 infection. SLX4 is a multi-
functional protein that promotes the repair of several types of
DNA lesions (77). SLX4 functions include coordinating struc-
ture-specific endonucleases (78–82) and SUMO E3 ligase
activity (83). Although it remains to be determined what this
multifunctional protein does during virus infection, our results
provide evidence that Ad5 and HSV-1 coopt SLX4 to advance
viral processes. VACV replication factories accumulated both
topoisomerase I and ERCC6L, which have recently been
shown to be involved in proper chromosome segregation (84),
and it will be interesting to determine how they are used for
viral replication.

One notable finding of our study was the enrichment of
nucleolar proteins on Ad5 viral DNA. Although previous re-
ports have suggested manipulation of some nucleolar com-

ponents by Ad (85–88), our study provides a comprehensive
list of nucleolar proteins that accumulate on replicated viral
genomes. Our data clearly show enrichment for components
of the SSU processome. Functionally, many SSU processome
components participate in posttranscriptional modification of
rRNA, such as pseudouridylation and 2�O-ribose methylation
(89). It was recently demonstrated that box H/ACA and C/D
snoRNPs associated with RNA POL I to change ribosome
translational output during neural crest specification (65). This
association was driven by the formation of a TCOF1-NOLC1
protein scaffold induced on mono-ubiquitination of both pro-
teins. We demonstrated that core proteins of both types of
snoRNP complexes, RNA POL I, TCOF1, and NOLC1, all
accumulated at Ad5 replication centers. Except for DKC1, a
component of box H/ACA snoRNPs, the localization was
dependent on TCOF1. Furthermore, we observed that TCOF1
depletion reduced levels of Ad5 late proteins and affected
viral DNA accumulation and viral yield. SSU processome
components may be exploited by Ad5 to modify viral mRNA
and promote translation and production of viral late proteins.
SSU processome protein components were also “enriched”
on the nascent genomes of HSV-1, but not VACV suggesting
a global role in the life cycle of DNA viruses that replicate in
the nucleus of infected cells.

Our analysis identified TFII-I as a target of early Ad5 pro-
teins. TFII-I functions as both an activator and repressor of
gene expression, and has been implicated in the DNA dam-
age response as well as interferon responses to virus infec-
tions (55). Two recent proteomic analyses of proteins associ-
ated with nascent cellular DNA also identified TFII-I among
enriched factors, and depletion suggested a potential role in
DNA replication (19, 20). In addition, TFII-I was identified as a
substrate for post-translational SUMOylation induced by the
Ad5 E4orf3 protein (90), and as a negative regulator of the viral
L4 promoter (91, 92). TFII-I was recently shown to target the
CCCTC-binding factor CTCF to gene promoters (93), and
because CTCF may represent a common repressor of DNA
viruses (94), TFII-I may be targeted as a means of preventing
repression. The emerging model from our work and these
recent reports is that E4orf3 is required to induce protea-
some-mediated degradation of TFII-I. This promotes exclu-
sion of TFII-I from Ad5 DNA to relieve repression of viral
promoters during infection. Comparing replicated-DNA pro-
teomes recovered from infections with wild-type and mutant
viruses lacking viral proteins that antagonize intrinsic de-
fenses could make this approach even more powerful for
probing how host factors associating with viral genomes can
restrict infection.

In conclusion, our study outlines a robust, unbiased pro-
teomics approach to identify and classify host factors asso-
ciated with replicated DNA during virus infection. Our pan-
viral comparison of DNA viruses with distinct coding capacity
and replication characteristics provides a framework for prob-
ing virus-host interactions taking place on replicating viral
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genomes. This work highlights the common and distinct strat-
egies employed by different viruses to redirect cellular ma-
chinery toward viral DNA replication. We anticipate that our
proteomic approach will be easily adapted to other replicating
DNA viruses. Our findings regarding Ad5 infection demon-
strate the use of our proteomic data sets, which will likely yield
additional valuable insights into virus-host interactions. Fur-
ther investigation of the mechanistic basis for how host fac-
tors are targeted or recruited will provide critical insight into
virus replication and host defense strategies that are inacti-
vated. The proteome profiles generated provide a rich re-
source to identify cellular factors that functionally associate
with viral nucleic acids and uncover a wealth of new virus-host
interactions and insights into key host components regulating
virus DNA replication.
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